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CONTROLLABLE ION-EXCHANGE 
MEMBRANES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is related to US. patent application Ser. 
No. 09/205,750, ?led on an even date, the teachings of 
Which are incorporated herein by reference for all purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

This Work Was partially supported by the National Sci 
ence Foundation MRSEC Program, (DMR-9400354) and 
the CAREER Program (CTS-9410147). Support Was also 
received from the Of?ce of Naval Research, Presidential 
Early Career AWard for Science and Engineering (N00014 
97-1-0703). 

BACKGROUND OF THE INVENTION 

Ion-exchange membranes play an important role in sepa 
ration and puri?cation processes. These membranes gener 
ally consist of either highly sWollen gels or microporous 
structures With ?xed charges derived from ioniZable func 
tional groups localiZed at the pore Walls (Strathmann, H., In 
Synthetic Membranes: Science, Engineering and Applica 
ti0ns; Bungay, P. M.; Lonsdale, H. K.; de Pinho, M. N., Eds.; 
NATO ASI Series C: Mathematical and Physical Sciences 
Vol. 181; D. Reidel Publishing Company: Dordrecht, 
Holland, (1986), pp 1—37). A membrane that contains ?xed 
positive charges is called an anion-exchange membrane, and 
a membrane bearing ?xed negative charges is called a 
cation-exchange membrane. The general purpose of ion 
exchange membranes is not to exchange ions but to transmit 
them in a controlled Way (Meares, P., In Mass Transfer and 
Kinetics 0fI0n Exchange; Liberti, L.; Helffe?ch, F. G., Eds.; 
NATO ASI Series E: Applied Science No. 71; Martinus 
Nijhoff Publishers, The Hague, The Netherlands, (1983); pp 
329—366). Co-ions (i.e., ions With the same charges as the 
?xed charges) are excluded from the pores, Whereas coun 
terions (i.e., ions With opposite charges to the ?xed charges) 
selectively transport across the membrane. Ion-exchange 
membranes have been used in the folloWing processes, 
classi?ed by the driving forces of transport of ions (Meares, 
P., In Mass Transfer and Kinetics 0fI0n Exchange; Liberti, 
L.; Helffe?ch, F. G., Eds.; NATO ASI Series E: Applied 
Science No. 71; Martinus Nijhoff Publishers, The Hague, 
The Netherlands, (1983); pp 329—366): (a) for electrical 
driving forces, desalination, demineraliZation, concentration 
of solutions, exchange of ions, and oxidation-reduction (e.g., 
chlor-alkali processes); (b) for driving forces of concentra 
tion gradient, diffusion dialysis, solid electrolytes in 
batteries, and ion-selective electrodes, (c) for driving forces 
of pressure, reverse osmosis and pieZodialysis. 

The most common functional groups in cation-exchange 
membranes are sulfonic acid (SO3H) and carboxylic acid 
(—COOH) groups. The Na?on brand per?uorosulfonated 
polymer membranes (Meares, P., In Mass Transfer and 
Kinetics 0fI0n Exchange; Liberti, L.; Helffe?ch, F. G., Ed.; 
NATO ASI Series E: Applied Science No. 71; Martinus 
Nijhoff Publishers, The Hague, The Netherlands, (1983); pp 
329—366; Yeager, H. L. et al., In Per?uorinated I0n0mer 
Membranes; Yeager, H. L.; Eisenberg, Eds.; ACS Sympo 
sium Series 180; American Chemical Society: Washington, 
DC, (1982); pp 1—6) are an example of the ?rst type. These 
membranes Were developed by E. I. du Pont de Nemours & 
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2 
CO. during the 1960’s and are still extensively used in 
industry. The per?uoro-sulfonic acid is ioniZed at normal pH 
values because of their loW pKa values (<1) (Seko, M. et al., 
ibid.; pp 365—410). In the seventies some Japanese compa 
nies (Asahi Chemical Co., Asahi Glass Co., and Tokuyama 
Soda Co.) developed per?uorocarboxylated membranes that 
contain carboxylic acid groups (Seko, M. et al., ibid.; pp 
365—410; Sata, T. et al., ibid.; pp 411—425; Ukihast?, H. et 
al., ibid.; pp 427—451; Sato, K. et al., Polymer]., 23, 1991, 
531—540). Although the per?uorocarboxylic acid has a 
higher pKa (2—3), it can be nearly completely ioniZed even 
in Weakly acidic environments. Other functional groups 
such as phosphonic acid (—PO3H2) and sulfonamide 
(—SO2NH2) are sometimes used but are less practical. 
The functional groups in anion-exchange membranes are 

usually quaternary ammonium [—N+(CH3)3] and to a lesser 
extent quaternary phosphonium [—P+(CH3)3] and tertiary 
sulfonium [—S+(CH3)2]. Anion-exchange membranes are 
frequently less stable than cation-exchange membranes 
because the basic groups are inherently less stable than the 
acidic groups (Strathmann, H. In Synthetic Membranes: 
Science, Engineering and Applications; Bungay, P. M.; 
Lonsdale, H. K.; de Pinho, M. N., Eds.; NATO ASI Series 
C: Mathematical and Physical Sciences Vol. 181; D. Reidel 
Publishing Company: Dordrecht, Holland, (1986); pp 1—37). 

Conventional ion-exchange membranes are generally pro 
duced by: (a) polymeriZation (condensation or addition) of 
ionogenic monomers; (b) introduction of ioniZable groups 
into a polymer ?lm by grafting and/or chemical treatment; or 
(c) heterogeneously dispersing an ion exchange material into 
a binder polymer matrix. 
The Na?on per?uorosulfonated membranes are copoly 

mers of tetra?uoroethylene and per?uorovinyl ethers con 
taining sulfonic acid groups (Yeager, H. L. et al., In Per?u 
orinated I0n0mer Membranes; Yeager, H. L.; Eisenberg, 
Eds.; ACS Symposium Series 180; American Chemical 
Society: Washington, DC, (1982); pp 1—6). Synthesis of 
per?uorocarboxylated membranes is similar, but the sul 
fonic acid groups in per?uorovinyl ethers are replaced by 
carboxylic acid groups (Seko, M. et al., ibid.; pp 365—410; 
Sata, T. et al., ibid.; pp 411—425; Ukihast?, H. et al., ibid.; 
pp 427451; Sato, K. et al., Polymer]., 23, 1991, 531—540). 

Per?uorinated ionomer (i.e., ion-containing polymer) 
membranes constitute a signi?cant portion of ion-exchange 
membranes and are extensively used in the chlor-alkali 
industry (Dotson, R. et al., In Per?uorinated I0n0mer Mem 
branes; Yeager, H. L. Eisenberg, Eds.; ACS Symposium 
Series 180; American Chemical Society: Washington, DC, 
1982, pp 311—364). Composite membranes are sometimes 
utiliZed to improve the separation performance. An exem 
plary composite membrane has layers of both sulfonic acid 
and carboxylic acid polymers bound together to improve 
permselectivity (Sato, K. et al., Polymer]., 23, 1991, 
531—540). Composite layers having a layer of polyanion 
adsorbed onto a cation-exchange membrane have been pre 
pared. Such membranes could prevent the precipitation of 
hydroxides and simplify the control of membrane fouling 
(Meares, P., In Mass Transfer and Kinetics 0fI0n Exchange; 
Liberti, L.; Helffe?ch, F. G., Eds,; NATO ASI Series E: 
Applied Science No. 71; Martinus Nijhoff Publishers, The 
Hague, The Netherlands, (1983); pp 329—366). Recent 
development in synthesis of ion-exchange membranes focus 
on neW polymeriZation processes, such as radiation induced 
grafting (Chakravorty, B. et al., Membr. Sci. 1989, 41, 
155—161; Gineste, J.-L. et al., Polym. Sci..' Part A: Polym. 
Chem. 1993, 31, 2969—2975) and copolymeriZation, (,G. K. 
et al., Membr. Sci. 1992, 68, 133—140) plasma polymeriZa 
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tion of ionomer ?lms (Brumlik, C. J. et al., Electrochem. 
Soc. 1994, 141, 2273—2279), deposition of thin polymer ?lm 
by plasma polymerization (Osada, Y. In Membrane Science 
and Technology; Osada, Y.; NakagaWa, T., Eds.; Marcel 
Dekker, Inc.: NeW York, 1992; pp 167—201), and grafting of 
functional groups on polymers treated by oZoniZation 
Elmidaoui, A. et al., Appl. Polym. Sci. 1991, 42, 
2551—2561). 

In conventional ion-exchange membranes prepared by 
polymer chemistry, ion transport operates in a gel phase 
formed by sorption of Water and sWelling of the membrane 
due to the hydrophilic functional groups on the polymer 
backbone (Leddy, J. J. In Synthetic Membranes; ChenoWetb, 
M. B., Ed.; MMI Press Symposium Series; HarWood Aca 
demic Publishers: London, 1986; pp 119—128). The siZe of 
pores, hoWever, is dif?cult to control and there can be 
undesired transport of Water and co-ions across the 
membrane, leading to poor perm-selectivity. Per?uorocar 
boxylated membranes are believed to have higher permse 
lectivity than the Na?on membranes due to less uptake of 
Water by the carboxylic groups than by the sulfonic groups 
(Sato, K. et al., P0lymerJ., 23, 1991, 531—540). 

Ion-exchange membranes With a porous structure Were 
recently prepared by several techniques to offer membranes 
With both suitable pore siZes and good ion exchange capac 
ity. These techniques include oxidative etching of gel-like 
ion-exchange membranes (MiZutani, Y. et al., J. Appl. 
Polym. Sci. 1990, 39, 1087—1100), chemical modi?cation of 
preformed ultra?ltration membranes (Breitbach, L. et al., 
Angew. Makromol. Chem. 1991, 184, 183—196), and 
removal of inorganic ?llers from a polymer blend and 
modi?cation of the polymer matrix (Bryjak, M. et al., 
Angew. Makromol. Chem. 1992, 200, 93—108). Using those 
techniques, hoWever, it is not ?exible to introduce various 
functional groups and the pore siZes of the membranes are 
usually not uniform. 

Martin et al. recently reported electroless deposition of 
gold onto the pore Walls in polycarbonate track-etched 
(PCTE) ?ltration membranes (Menon, V. P. et al., Anal. 
Chem. 1995, 67, 1920—1928; NishiZaWa, M. et al., Science 
1995, 268, 700—702; Jirage, K. B. et al., Science 1997, 278, 
655—658). Such gold-coated membranes have unique prop 
erties. Application of a positive or a negative electrical 
potential to gold resulted in anion or cation selectivity, 
respectively and the ion selectivity Was reversibly altered by 
manipulation of the applied electrical potential (NishiZaWa, 
M. et al., Science 1995, 268, 700—702). 

Self-assembled monolayers formed With uu-substituted 
alkanethiols on the surface of gold have been used as model 
surfaces in a number of past studies of the interactions of 
proteins With surfaces (Spinke et al., Langumuir; 9: 1821 
(1993); Willner et al.,J. Am. Chem. Soc., 114: 10965 (1992); 
Song et al.,J. Phys, Chem., 97: 6564 (1993); Mrksich et al., 
J. Am. Chem. Soc., 117: 12009 (1995)). For example, 
multilayer systems based on biotinylated alkanethiols and 
streptavidin have been used in schemes for the immobiliZa 
tion of Fab fragments of antibodies on surfaces (Spinke et 
al., Langumuir; 9: 1821 (1993)), and SAMs formed from 
NHS-activated disul?dies have been used to form enZyme 
based electrodes by covalent immobiliZation of glutathione 
reductase (Willner et al., J. Am. Chem. Soc., 114: 10965 
(1992)). Cytochrome c, When adsorbed to SAMs formed 
from mercaptoundecanoic acid, has also been shoWn to be 
active and to possess a formal potential nearly identical to 
that of cytochrome c bound to physiological membranes 
(Song et al., J. Phys, Chem., 97: 6564 (1993)). 

Whereas, investigations such as those described above 
have ?rmly established the use of SAMs for studies of 
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4 
speci?c interactions betWeen proteins and surfaces, mixed 
SAMs formed from hydrophobic (methyl-terminated) and 
hydrophilic (hydroxyl-, oligo(ethylene glycol)-terminated) 
alkanethiols have also been used as model surfaces in 
studies of non-speci?c adsorption of proteins onto surfaces. 
Whitesides and coworkers, for example, have reported a 
study of the non-speci?c adsorption of ?brinogen, lysoZyme, 
pyruvate kinase and RNAse to mixed SAMs (Prime et al.,J. 
Am. Chem. Soc., 115: 10714 (1993); Prime et al., Science, 
252: 1164 (1991)). By using ellipsometry, SAMs formed 
from oligo(ethylene glycol)-terminated alkanethiols Were 
shoWn to resist irreversible adsorption of these proteins. 

Surfaces prepared by the chemisorption of organosulfur 
compounds on evaporated ?lms of gold are not limited to the 
alkanethiols. Self-assembled monolayers formed from per 
?uorinated organosulfur compounds have also been 
reported. See, Lenk et al., Langmuir; 10: 4610 (1994); 
DraWhorn et al., J. Phys. Chem., 99: 16511 (1995). These 
surfaces, too, can be highly ordered, although, interestingly, 
the origin of the order Within the monolayer is largely 
intramolecular and contrasts, therefore, to monolayers 
formed from alkanethiols (Where the order largely re?ects 
the cohesive intermolecular dispersion force). Steric inter 
actions betWeen adjacent ?uorine atoms of a per?uorinated 
chain cause the chain to tWists itself into a rigid, helical 
conformation. That is, an isolated per?uoro chain is stiff, as 
compared to an aliphatic chain. Because per?uorinated 
chains have larger cross-sectional areas than alkanethiols, 
monolayers formed on gold from per?uorinated thiols are 
not tilted from the normal to the same degree as alkanethiols. 
See, DraWhorn et al., J. Phys. Chem., 99: 16511 (1995). 
Estimates by IR studies place the tilt of the per?uorinated 
chains at 0~10°. Because per?uorinated chains Within SAMs 
on Au(111) are not tilted to the same degree as the 
alkanethiols, their surfaces are not expected to possess 
domains formed from regions of monolayer With different 
tilt directions (as occurs With monolayers formed from 
alkanethiols). 

Gold-coated PCTE membranes Were recently reported. 
See, NishiZaWa, M. et al., Science 1995, 268, 700—702). 
These membranes Were derivatiZed With 1-propanethiol to 
protect the gold from adventitious binding of anions (such as 
Cl‘, Br‘, and I‘) presented in external solutions. These 
Workers, hoWever, did not investigate Whether 
1-propanethiol (or any alkanethiol) formed close-packed 
monolayers on the electroless gold coated membrane under 
the conditions used to prepare the membranes. Further, no 
suggestion Was made to derivatiZe the 1-propanethiol layer 
With ionic or other groups to impart functionality and 
recognition properties to the membranes. 

Easily prepared and characteriZed membranes that are 
capable of presenting a Wide range of recognition groups 
(ionic groups, metal, complexing agents, biomolecules, and 
the like), pore siZes, surface charges and surface 
hydrophilicity/hydrophobicity Would represent a signi?cant 
advance in membrane science. Quite surprisingly, the 
present invention provides such membranes and methods of 
making and using these membranes. 

SUMMARY OF THE INVENTION 

It has noW been discovered that membranes coated With 
metal ?lms can be functionaliZed With SAMs (mixed and 
homogeneous) formed from organic groups bearing recog 
nition moieties. Because a Wide range of recognition moi 
eties can be easily introduced onto surfaces by these 
methods, these membranes are useful for a range of puri? 
cation methods and assays. 
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Thus, in a ?rst aspect, the present invention provides a 
multilayered material comprising: 

(a) a porous substrate; 
(b) a metal ?lm adhered onto said porous substrate; 
(c) an organic layer attached to said metal ?lm, said 

organic layer comprising a recognition moiety. 
In a second aspect, the invention provides a multilayered 

material comprising: 
(a) a polycarbonate track-etched substrate; 
(b) a metal ?lm adhered onto said substrate; and 
(c) an organosulfur layer attached to said metal ?lm, said 

organosulfur layer comprising a recognition moiety. 
In a third aspect, the present invention provides an ion 

exchange medium comprising: 
(a) a porous substrate; 
(b) a metal ?lm adhered onto said substrate; and 
(c) an organic layer attached to said metal ?lm, said 

organic layer comprising a recognition moiety that 
interacts With said ion. 

In a fourth aspect, the present invention provides a 
method for removing an ion from a ?uid, said method 
comprising: 

(a) contacting said ?uid With an ion exchange medium 
comprising: 
(i) a porous substrate; 
(ii) a metal ?lm adhered onto said substrate; and 
(iii) an organic layer attached to said metal ?lm, said 

organic layer comprising a recognition moiety that 
interacts With said ion. 

In a ?fth aspect, the present invention provides a method 
for isolating a molecule from other molecules by affinity 
dialysis comprising: 

(a) contacting the molecule With a multilayered porous 
material comprising; 
a porous substrate; 
a metal ?lm adhered onto the substrate; and 
an organic layer attached to the metal ?lm, the organic 

layer comprising a recognition moiety. 
(b) forming a complex betWeen the recognition moiety 

and the molecule. 
In a sixth aspect, the present invention provides a method 

of isolating a ?rst molecule from a second molecule by siZe 
exclusion dialysis, comprising: 

(a) contacting the ?rst and second molecule With a mul 
tilayered porous material comprising; 
a porous substrate; 
a metal ?lm layered onto the substrate; 
a hydrophilic polymer attached to the metal ?lm; and 
passing the ?rst molecule through the porous material 

While the second molecule is substantially retained 
thereby. 

In a seventh aspect, the present invention provides a 
method for determining the presence or amount of an 
analyte in a test sample comprising: 

(a) contacting the test sample With a multilayered porous 
material comprising; 
a porous substrate; 
a metal ?lm layered onto the substrate; 
an organic layer adhered to the metal ?lm, the organic 

layer comprising a recognition moiety; 
(b) forming a complex betWeen the recognition moiety 

and the analyte; and 
(c) detecting the analyte. 
In an eighth aspect, the invention provides a method of 

producing a multilayered porous material comprising: 
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6 
(a) contacting a porous substrate With a metal plating 

means to form a porous substrate having a metal ?lm 
adhered thereto; 

(b) contacting said porous substrate having a metal ?lm 
adhered thereto With a plurality of organic molecules 
that associate With said metal ?lm, Wherein at least a 
portion of said plurality of organic molecules comprise 
a member selected from the group consisting of rec 
ognition moieties, reactive groups, protected reactive 
groups and combinations thereof. 

In a ninth aspect, the present invention provides a drug 
delivery device comprising: 

(a) a porous substrate; 
(b) a metal ?lm adhered onto said substrate; 
(c) an organic layer attached to said metal ?lm, said 

organic layer containing a recognition moiety; and 
(d) a drug moiety reversibly associated With said recog 

nition moiety. 
Additional objects and advantages of the invention Will be 

apparent to those of skill in the art from the detailed 
description and the examples that folloW. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic illustration of the membrane pre 
pared by electroless deposition of gold on a PCTE mem 
brane folloWed by self-assembly of functionaliZed thiols. 

FIG. 2 is a diagram of a diffusion cell incorporating a 
membrane of the invention. 

FIG. 3 is a display of the changes in concentration of 
MnO4— in the sink at different external pH values during 
diffusion experiments using the membranes carboxylic acid 
groups (except the dashed line). The concentration of 
MnO4— in the reservoir is 1 mM. 

FIG. 4 is a plot of the ?ux of MnO4— across the 
membrane bearing carboxylic acid groups as a function of 
external pH. The concentration of MnO4— in the reservoir 
is 1 mM. 

FIG. 5 is a schematic illustration of a light-controllable 
membrane: (a) con?guration change of a aZobenZene group 
embedded in a chain; (b) light-responsive adjustment of the 
siZe of the pore With SAMs formed from aZobenZene 
containing functionaliZed molecules onto the pore Wall. 

DETAILED DESCRIPTION OF THE 
INVENTION AND THE PREFERRED 

EMBODIMENTS 
Abbreviations and De?nitions 
SAM, self assembled monolayer. 
The term “attached,” as used herein encompasses inter 

actions including, but not limited to, covalent bonding, ionic 
bonding, chemisorption, physisorption and combinations 
thereof. 
The term “?uid” refers to pure liquids, solutions, 

suspensions, colloids, gases, vapors, mixtures of tWo or 
more of these “?uids” and the like. 
The term “independently selected” is used herein to 

indicate that the groups so described can be identical or 
different. 
The term “alkyl” is used herein to refer to a branched or 

unbranched, saturated or unsaturated, monovalent hydrocar 
bon radical having from 1—30 carbons and preferably, from 
4—20 carbons and more preferably from 6—18 carbons. When 
the alkyl group has from 1—6 carbon atoms, it is referred to 
as a “loWer alkyl.” Suitable alkyl radicals include, for 
example, structures containing one or more methylene, 
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methine and/or methyne groups. Branched structures have a 
branching motif similar to i-propyl, t-butyl, i-butyl, 
2-ethylpropyl, etc. As used herein, the term encompasses 
“substituted alkyls.” 

“Substituted alkyl” refers to alkyl as just described includ 
ing one or more functional groups such as loWer alkyl, aryl, 
acyl, halogen (i.e., alkylhalos, e.g., C133), hydroxy, amino, 
alkoxy, alkylamino, acylamino, thioamido, acyloxy, aryloxy, 
aryloxyalkyl, mercapto, thia, aZa, oxo, both saturated and 
unsaturated cyclic hydrocarbons, heterocycles and the like. 
These groups may be attached to any carbon of the alkyl 
moiety. Additionally, these groups may be pendent from, or 
integral to, the alkyl chain. 

The term “aryl” is used herein to refer to an aromatic 
substituent Which may be a single aromatic ring or multiple 
aromatic rings Which are fused together, linked covalently, 
or linked to a common group such as a methylene or 

ethylene moiety. The common linking group may also be a 
carbonyl as in benZophenone. The aromatic ring(s) may 
include phenyl, naphthyl, biphenyl, diphenylmethyl and 
benZophenone among others. The term “aryl” encompasses 
“arylalkyl.” 

The term “arylalkyl” is used herein to refer to a subset of 
“aryl” in Which the aryl group is attached to another nucleus 
by an alkyl group as de?ned herein. 

“Substituted aryl” refers to aryl as just described includ 
ing one or more functional groups such as loWer alkyl, acyl, 
halogen, alkylhalos (e.g. C133), hydroxy, amino, alkoxy, 
alkylamino, acylamino, acyloxy, phenoxy, mercapto and 
both saturated and unsaturated cyclic hydrocarbons Which 
are fused to the aromatic ring(s), linked covalently or linked 
to a common group such as a methylene or ethylene moiety. 
The linking group may also be a carbonyl such as in 
cyclohexyl phenyl ketone. The term “substituted aryl” 
encompasses “substituted arylalkyl.” 

“Substituted arylalkyl” de?nes a subset of “substituted 
aryl” Wherein the substituted aryl group is attached to 
another nucleus by an alkyl group as de?ned herein. 

The term “acyl” is used to describe a ketone substituent, 
—C(O)R, Where R is alkyl or substituted alkyl, aryl or 
substituted aryl as de?ned herein. 

The term “halogen” is used herein to refer to ?uorine, 
bromine, chlorine and iodine atoms. 

The term “hydroxy” is used herein to refer to the group 
—H. 

The term “amino” is used to describe primary amines, 
R—NH2. 

The term “alkoxy” is used herein to refer to the —OR 
group, Where R is a loWer alkyl, substituted loWer alkyl, aryl, 
substituted aryl, arylalkyl or substituted arylalkyl Wherein 
the alkyl, aryl, substituted aryl, arylalkyl and substituted 
arylalkyl groups are as described herein. Suitable alkoxy 
radicals include, for example, methoxy, ethoxy, phenoxy, 
substituted phenoxy, benZyloxy, phenethyloxy, t-butoxy, etc. 

The term “alkylamino” denotes secondary and tertiary 
amines Wherein the alkyl groups may be either the same or 
different and are as described herein for “alkyl groups.” 
As used herein, the term “acylamino” describes substitu 

ents of the general formula RC(O)NR‘, Wherein R‘ is a loWer 
alkyl group and R represents another organic radical. 

The term “acyloxy” is used herein to describe an organic 
radical derived from an organic acid by the removal of the 
acidic hydrogen. Simple acyloxy groups include, for 
example, acetoxy, and higher homologues derived from 
carboxylic acids such as ethanoic, propanoic, butanoic, etc. 
The acyloxy moiety may be oriented as either a forWard or 
reverse ester (i.e. RC(O)OR‘ or R‘OC(O)R, respectively, 
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8 
Wherein R comprises the portion of the ester attached either 
directly or through an intermediate hydrocarbon chain to 
another nucleus. 
As used herein, the term “aryloxy” denotes aromatic 

groups Which are linked to another nucleus directly through 
an oxygen atom. This term encompasses “substituted ary 
loxy” moieties in Which the aromatic group is substituted as 
described above for “substituted aryl.” 
As used herein “aryloxyalkyl” de?nes aromatic groups 

attached, through an oxygen atom to an alkyl group, as 
de?ned herein. The term “aryloxyalkyl” encompasses “sub 
stituted aryloxyalkyl” moieties in Which the aromatic group 
is substituted as described for “substituted aryl.” 
As used herein, the term “mercapto” de?nes moieties of 

the general structure R—S—R‘ Wherein R and R‘ are the 
same or different and are alkyl, aryl or heterocyclic as 
described herein. 
The term “saturated cyclic hydrocarbon” denotes groups 

such as the cyclopropyl, cyclobutyl, cyclopentyl, etc., and 
substituted analogues of these structures. These cyclic 
hydrocarbons can be single- or multi-ring structures. 
The term “unsaturated cyclic hydrocarbon” is used to 

describe a monovalent non-aromatic group With at least one 
double bond, such as cyclopentene, cyclohexene, etc. and 
substituted analogues thereof. These cyclic hydrocarbons 
can be single- or multi-ring structures. 
The term “heteroaryl” as used herein refers to aromatic 

rings in Which one or more carbon atoms of the aromatic 
ring(s) are substituted by a heteroatom such as nitrogen, 
oxygen or sulfur. Heteroaryl refers to structures Which may 
be a single aromatic ring, multiple aromatic ring(s), or one 
or more aromatic rings coupled to one or more non-aromatic 
ring(s). In structures having multiple rings, the rings can be 
fused together, linked covalently, or linked to a common 
group such as a methylene or ethylene moiety. The common 
linking group may also be a carbonyl as in phenyl pyridyl 
ketone. As used herein, rings such as thiophene, pyridine, 
isoxaZole, phthalimide, pyraZole, indole, furan, etc. or 
benZo-fused analogues of these rings are de?ned by the term 
“heteroaryl.” 

“Heteroarylalkyl” de?nes a subset of “heteroaryl” 
Wherein an alkyl group, as de?ned herein, links the het 
eroaryl group to another nucleus. 

“Substituted heteroaryl” refers to heteroaryl as just 
described Wherein the heteroaryl nucleus is substituted With 
one or more functional groups such as loWer alkyl, acyl, 
halogen, alkylhalos (e.g. CF3), hydroxy, amino, alkoxy, 
alkylamino, acylamino, acyloxy, mercapto, etc. Thus, sub 
stituted analogues of heteroaromatic rings such as 
thiophene, pyridine, isoxaZole, phthalimide, pyraZole, 
indole, furan, etc. or benZo-fused analogues of these rings 
are de?ned by the term “substituted heteroaryl.” 

“Substituted heteroarylalkyl” refers to a subset of “sub 
stituted heteroaryl” as described above in Which an alkyl 
group, as de?ned herein, links the heteroaryl group to 
another nucleus. 
The term “heterocyclic” is used herein to describe a 

monovalent saturated or unsaturated non-aromatic group 
having a single ring or multiple condensed rings from 1—12 
carbon atoms and from 1—4 heteroatoms selected from 
nitrogen, sulfur or oxygen Within the ring. Such heterocycles 
are, for example, tetrahydrofuran, morpholine, piperidine, 
pyrrolidine, etc. 
The term “substituted heterocyclic” as used herein 

describes a subset of “heterocyclic” Wherein the heterocycle 
nucleus is substituted With one or more functional groups 

such as loWer alkyl, acyl, halogen, alkylhalos (e.g. CF3), 
hydroxy, amino, alkoxy, alkylamino, acylamino, acyloxy, 
mercapto, etc. 
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The term “heterocyclicalkyl” de?nes a subset of “hetero 
cyclic” Wherein an alkyl group, as de?ned herein, links the 
heterocyclic group to another nucleus. 

“Organosulfur,” as used herein, encompasses, organo 
thiols, -sul?des, and -disul?des. 

“Alkylsulfur,” as used herein, encompasses, thiols, 
sul?des, disul?des and derivatives of these compounds 
Wherein the alkyl group is substituted as described above for 
“substituted alkyl.” 
A. Introduction 

The present invention provides a broad range of novel 
materials. The materials are porous materials such as mem 
branes that, unlike presently available membranes, have a 
structure that alloWs many of their properties to be tailored 
by variations in the components used at the various stages of 
assembly of these materials. In addition to providing the 
materials themselves, the present invention provides meth 
ods for using and making these novel materials. 

Thus, in a ?rst aspect, the present invention provides a 
multilayered material comprising: 

a multilayered porous material comprising: 
(a) a porous substrate; 
(b) a metal ?lm adhered onto said porous substrate; and 
(c) an organic layer attached to said metal ?lm, said 

organic layer comprising a recognition moiety. 
Metals can be plated onto membrane substrates using 

sputtering, controlled vapor deposition or electroless plating 
techniques to produce membranes With a metal layer sub 
stantially coating the membrane surface. The metal coating 
generally comprises a metal that forms a bond or intimate 
association (e.g., chemisorption, physisorption) With an 
organic molecule, such as an organosulfur (e.g., alkylthiol, 
sul?de, disul?de) With Which the metal coated membranes 
are surface-functionaliZed. 

The organic layer comprises a recognition moiety, Which 
is a molecule or portion of a molecule that interacts With an 
analyte. The interaction can be either attractive or repulsive. 
In an exemplary attractive interaction, the recognition moi 
ety Will assist the entry of the analyte into the pores of the 
porous material. In an exemplary repulsive interaction, the 
analyte Will be excluded from the pores of the porous 
material. Useful recognition moieties can be, for example, 
biomolecules (e.g., antibodies, antigens, carbohydrates, 
nucleic acids, peptides, enZymes and receptors), organic 
groups (e.g., amines, carboxylic acids, drugs, chelating 
agents, croWn ethers, cyclodextrins and combinations 
thereof), metal chelates and organometallic moieties. In 
addition to the molecule bearing the recognition moiety, the 
organic layer can be mixed With other species that do not 
bear recognition moieties. 

Certain commercially-available, Well-characterized mem 
branes have excellent properties and provide a good entry 
point for developing neW membranes With useful character 
istics. 

Thus, in a second aspect, the invention provides a mul 
tilayered material comprising: 

a multilayered porous material comprising: 
(a) a polycarbonate track-etched substrate; 
(b) a metal ?lm adhered onto the substrate; and 
(c) an organosulfur layer attached to said metal ?lm, the 

organosulfur layer comprising a recognition moiety. 
Although the porous materials of the invention can bear 

any of a range of recognition moieties, certain useful mate 
rials Will bear recognition moieties that are useful for 
ion-exchange or ion-selective ion-exchange of charged spe 
cies. The materials of the invention are ideally structures for 
such uses. 
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Thus, in a third aspect, the present invention provides an 

ion exchange medium comprising: 
(a) a porous substrate; 
(b) a metal ?lm adhered onto said substrate; and 
(c) an organic layer attached to said metal ?lm, said 

organic layer comprising a recognition moiety that 
interacts With said ion. 

In addition to neW materials and useful methods utiliZing 
these materials, the present invention provides straight 
forWard methods for assembling these materials. Solution 
phase metal plating methods can be used to coat porous 
membrane substrates With ?lms consisting of single metals, 
alloys and composites. The ?lm coated membranes are 
functionaliZed With an organic layer, generally formed from 
substituted organosulfur molecules, hoWever, any organic 
layer that attaches to the ?lm can be used. At least one 
component of the organic layer Will bear a recognition 
moiety that interacts With a molecule of interest, referred to 
herein as an “analyte.” Because a Wide range of recognition 
moieties can be easily introduced onto surfaces by a Wide 
range of methods, these membranes are useful for a range of 
puri?cation methods and assays. 

The materials, methods, additional aspects and preferred 
embodiments of the present invention are discussed in 
greater detail in the sections that folloW. 
Porous Substrates 

Porous substrates that are useful in practicing the present 
invention can be made of practically any physicochemically 
stable material. Substrates can be selected from the group 
consisting of optically opaque substrates, optically transpar 
ent substrates, insulating substrates, conducting substrates, 
semiconducting substrates, magnetic substrates and combi 
nations thereof. 

Useful porous substrates are not limited to a pore siZe or 
range of pore siZes. The choice of an appropriate pore siZe 
for a given application Will be apparent to those of skill in 
the art. In certain preferred embodiments, the substrate has 
a pore diameter of from about 0.005 micrometer to about 25 
micrometers. In other preferred embodiments, the substrate 
has a diameter of from about 0.01 micrometer to about 1 
micrometer. 

Exemplary substrate materials include, but are not limited 
to, inorganic crystals, inorganic glasses, inorganic oxides, 
metals, organic polymers and combinations thereof. 

In a presently preferred embodiment, the substrate is 
track-etched. 
B.1. Inorganic Crystals and Glasses 

Inorganic crystals and inorganic glasses that are appro 
priate for substrate materials include, for example, LiF, NaF, 
NaCl, KBr, KI, CaF2, MgF2, HgF2, BN, AsS3, ZnS, Si3N4 
and the like. The crystals and glasses can be prepared by art 
standard techniques. See, for example, Goodman, Crystal 
GroWth Theory and Techniques, Plenum Press, NeW York, 
1974. Alternatively, the crystals and glasses can be pur 
chased commercially (e.g., Fischer Scienti?c, Duke Scien 
ti?c Corporation, Palo Alto, Calif.). The crystals and glasses 
can be the sole component of the substrate or they can be 
coated With one or more additional substrate components. 
Thus, it is Within the scope of the present invention to utiliZe 
crystals and/or glasses coated With, for example one or more 
metal ?lms or a metal ?lm and an organic polymer. 
Additionally, a crystal and/or glass can constitute a portion 
of a substrate that contacts another portion of the substrate 
made of a different material, or a different physical form 
(e.g., a glass) of the game material. Other useful substrate 
con?gurations utiliZing inorganic crystals and/or glasses 
Will be apparent to those of skill in the art. 
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B.2. Inorganic Oxides 
Inorganic oxides can also form a substrate of the device 

of the present invention. Inorganic oxides of use in the 
present invention include, for example, Cs2O, Mg(OH)2, 
TiO2, ZrO2, CeO2, Y2O3, Cr2O3, Fe2O3, NiO, ZnO, A1203, 
SiO2 (glass), silica, quartZ, In2O3, SnO2, PbO2, silicone 
polymers and the like. The inorganic oxides can be utiliZed 
in a variety of physical forms such as poWders, glasses, 
crystals, resins, plastics and the like. A substrate can consist 
of a single inorganic oxide or a composite of more than one 
inorganic oxide. For example, a composite of inorganic 
oxides can have a layered structure (i.e., a second oxide 
deposited on a ?rst oxide) or tWo or more oxides can be 
arranged in a contiguous non-layered structure. In addition, 
one or more oxides can be admixed and deposited on a 

support such as a porous glass, polymer or metal sheet. 
Further, a layer of one or more inorganic oxides can be 
intercalated betWeen tWo other substrate layers (e.g., metal 
oxide-metal, metal-oxide-crystal). Appropriate inorganic 
oxide materials can be prepared or, alternatively, they can be 
purchased from commercial sources (e.g., Duke Scienti?c 
Corporation, Palo Alto, Calif). 

Inorganic oxides membranes are resistant to aggressive 
chemicals like acids, alkalines and solvents. These mem 
branes are also resistant to abrasive suspensions and tem 
perature ?uctuations. Methods of making inorganic oxide 
membranes are knoWn to those of skill in the art. 
Additionally, appropriate membranes are available commer 
cially from sources such as Schumacher UmWelt- und 
Trenntechnik GmbH (Crailsheim, Germany). The mem 
branes are available in pore siZes betWeen 0.005—1.2 
micrometers and in at least eight different geometries. 

In a preferred embodiment, the inorganic oxide is a 
member selected from the group ZnO, TiO2, Fe2O3, A1203, 
ZrO2, ZrO2/TiO2, CeO2, SnO2, CuO, Cr2O3, SiO2 and 
combinations thereof. 
B.3. Metals 

Metals are also of use as porous substrates in the present 
invention. The metal can be used as a crystal or an amor 

phous material, such as a poWder. When a poWder is used, 
it Will preferably have been formed into a desired con?gu 
ration by a method such as casting, pressing, molding and 
the like. Appropriate metal membranes are available from a 
variety of sources such as Alternburger electronic GmbH 
(Seelbach, Germany). As most of the surface characteristics 
of the metal membrane Will be masked by its metallic 
coating layer, there are essentially no limitations on the types 
identity of metal that can be used in the present invention. 
The metal membranes can be selected for desirable physical 
properties such as density, magnetic characteristics, con 
ducting or insulating characteristics, heat capacity and the 
like. 

In preferred embodiments, the metal substrate is a mem 
ber selected from the group of nickel, copper, silver, gold, 
platinum, palladium and combinations thereof. 
B.4. Organic Polymers 

Organic polymers that form useful substrates include, for 
example, polyalkenes (e.g., polyethylene, polyisobutene, 
polybutadiene), polyacrylics (e.g., polyacrylate, polymethyl 
methacrylate, polycyanoacrylate), polyvinyls (e.g., polyvi 
nyl alcohol, polyvinyl acetate, polyvinyl butyral, polyvinyl 
chloride), polystyrenes, polycarbonates, polyesters, 
polyurethanes, polyamides, polyimides, polysulfone, 
polysiloxanes, polyheterocycles, cellulose derivative (e.g., 
methyl cellulose, cellulose acetate, nitrocellulose), polysac 
charides (e.g., dextran derivatives), polysilanes, ?uorinated 
polymers, epoxies, polyethers and phenolic resins. 
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Many commercially available polymer- or resin-based 

membranes can also be used in practicing the present 
invention. Moreover, commercially available membranes 
having Well-de?ned pore siZes are available over a Wide 
pore siZe range and composed of a number of different 
materials. 

Presently preferred polymer- or resin-based membranes 
include those constructed of polymers selected from the 
group of polypropylene, nylon, ?uorocarbon, polyester, 
polyethylene, polysulfone, polyether sulfone, cellulose, cel 
lulose ester, ethyl vinyl acetate, polycarbonate, polyaramide, 
polyimide and combinations thereof. 
C. Metal Coatings 

Metals that are presently preferred as coatings for par 
ticulate substrates include, but are not limited to, gold, silver, 
platinum, palladium, nickel and copper. Silver and gold are 
preferred, gold being particularly preferred. Other useful 
metal coatings are composite materials that form an asso 
ciation With the sulfur atom(s) of thiols, sul?des and/or 
disul?des (e.g., ZnSe). 
The metal coating can be either continuous or discontinu 

ous. Further, the thickness of the metal layer can remain 
constant or it can vary over the surface of the porous 
substrate. In one embodiment, more than one metal is used. 
The more than one metal can be present as an alloy, they can 
be formed into a layered “sandWich” structure, or they can 
be laterally adjacent to one another. In a preferred 
embodiment, Where more than one metal layer is used, the 
outermost metal is gold. In a particularly preferred embodi 
ment the metal used is gold layered on silver, more prefer 
ably gold layered on silver Which has been layered onto a 
membrane activated by the adsorption of tin. 
AWide range of art-recognized techniques leading to the 

deposition of a metal layer onto a substrate are appropriate 
for use in practicing the present invention, including 
sputtering, controlled-vapor deposition and electroless plat 
ing. In a preferred embodiment, the metal is deposited by an 
electroless plating method. 

Metals can be plated onto membranes using electroless 
plating techniques to produce membranes With a metal layer 
substantially coating the membrane surface. In a particularly 
preferred embodiment, the metal coating comprises a metal 
that forms a bond or intimate association (e.g., 
chemisorption, physisorption) With an organic molecule, 
such as an organosulfur (e.g., alkylthiol, sul?de, disul?de). 
The metal coated membranes can be surface-functionaliZed 
With SAMs (mixed and homogeneous) formed from orga 
nosulfur moieties. 
Due to the extensive literature on their synthesis and 

characteriZation and the commercial availability of many 
species having useful structures and properties, 
uu-substituted alkylsulfur compounds are preferred as com 
ponents of the organic layer. 
D. Organic Layers 
A Wide variety of organic layers are useful in practicing 

the present invention. These organic layers can comprise 
monolayers, bilayers and multilayers. Furthermore, the 
organic layers can be attached by covalent bonds, ionic 
bonds, coordinating bonds, physisorption, chemisorption 
and the like, including, but not limited to, hydrophobic 
interactions, hydrophilic interactions, van der Waals inter 
actions and the like. 

In a presently preferred embodiment, organic layer com 
ponents Which form self-assembled monolayers are used. 

In the discussion that folloWs, self-assembled monolayers 
are utiliZed as an exemplary organic layer. This use is not 
intended to be limiting. It Will be understood that the various 
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con?gurations of the self-assembled monolayers and their 
methods of synthesis, binding properties and other charac 
teristics are equally applicable to each of the organic layers 
of use in the present invention. 
D.1 Self-Assembled Monolayers (“SAMs”) 

Self-assembled monolayers are generally depicted as an 
assembly of organiZed, closely packed linear molecules. 
There are tWo Widely-used methods to deposit molecular 
monolayers on solid substrates; Langmuir-Blodgett transfer 
and self-assembly. Additional methods include techniques 
such as depositing a vapor of the monolayer precursor onto 
a substrate surface. Each of these methods is appropriate for 
use in practicing the present invention. 

The composition of a SAM useful in the present 
invention, can be varied over a Wide range of compound 
structures and molar ratios. In one embodiment, the SAM is 
formed from only one compound. In a presently preferred 
embodiment, the SAM is formed from tWo or more com 
pounds. In another preferred embodiment, the organic layer 
comprises a plurality of compounds, each compound com 
prising a moiety that associates With the metal ?lm. 

In preferred embodiments, the organic layer and/or the 
recognition moiety undergoes a change in state upon being 
exposed to certain conditions. In general, the change of state 
Will alter the pore siZe or the species selectivity of the pores 
to, for example, exclude a previously alloWed species from 
the pores or vice-versa. Organic layer and/or recognition 
moiety states that can undergo alteration include, for 
example, steric bulk, polarity, conformation and redox 
potential. Conditions that can be manipulated to produce 
these and other changes in state include, for example, ?uid 
redox potential, ?uid ionic strength, ?uid pH, application of 
external ?elds (electrical, magnetic, etc.), light (UV, IR, 
etc.). 

In one exemplary embodiment, the organic layer and/or 
recognition moiety comprises an aZobenZene or other group 
that undergoes a change of state under the in?uence of 
external conditions such as changes in pH, ionic strength, 
temperature and incident light. In other embodiments, the 
group undergoes a change of state in response to applied 
electrical or magnetic ?elds. 

In yet a further preferred embodiment, the organic layer 
comprises a group having the structure: 

Wherein R1 is a linking group betWeen sulfur and X1; X1 is 
a member selected from the group consisting of H, halogen, 
recognition moieties, hydrophilic polymers and combina 
tions thereof; and n is a number betWeen 1 and 50. 

In a preferred embodiment, the SAM component bearing 
X1 is attached directly and essentially irreversibly via a 
“stable bond” to the surface of the substrate. A “stable 
bond”, as used herein, is a bond Which maintains its chemi 
cal integrity over a Wide range of conditions (e.g., amide, 
carbamate, carbon-carbon, ether, etc.). In another preferred 
embodiment the SAM component bearing the recognition 
moiety comprises a “cleaveable bond”. A“cleaveable bond,” 
as used herein, is a bond Which undergoes scission under 
conditions Which do not degrade other bonds in the recog 
nition moiety-analyte complex. Cleaveable bonds include, 
but are not limited to, disul?de, imine, carbonate and ester 
bonds. 

Exemplary applications Wherein it is preferred that the 
molecule (“analyte”) that interacts With X1 remains tethered 
to the surface include, but are not limited to, quantitating or 
measuring a property of the analyte While it is tethered to the 
surface. Alternatively, the material of the invention can be 
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used to remove an analyte from a ?uid such as a liquid or 
vapor mixture to purify or partially purify that mixture or the 
analyte. Many other applications Wherein the analyte 
remains tethered to the surface Will be apparent to those of 
skill in the art. 

Preferred R1 groups With “stable” bonds include R1 
groups Which are members selected from the group consist 
ing of alkyl, substituted alkyl, aryl, arylalkyl, substituted 
aryl, substituted arylalkyl, saturated cyclic hydrocarbon, 
unsaturated cyclic hydrocarbon, heteroaryl, heteroarylalkyl, 
substituted heteroaryl, substituted heteroarylalkyl, 
heterocyclic, substituted heterocyclic and heterocyclicalkyl 
groups. Further preferred stable R1 groups are members 
selected from the group consisting of alkyl and substituted 
alkyl groups. 
Exemplary applications Wherein the analyte or Xl-analyte 

complex is removable from the surface include, but are not 
limited to, puri?cation of an analyte, synthesis of a molecule 
on the material of the invention and regeneration of the 
material of the invention. 
Many cleaveable groups are knoWn in the art. See, for 

example, Jung et al., Biochem Biophys. Acta, 761: 152—162 
(1983); Joshi et al., J. Biol. Chem, 265: 14518—14525 
(1990); Zarling et al., J. ImmunoL, 124: 913—920 (1980); 
BouiZar et al., Em: J. Biochem, 155: 141—147 (1986); Park 
et al., J. Biol. Chem, 261: 205—210 (1986); BroWning et al., 
J. ImmunoL, 143: 1859—1867 (1989). Exemplary cleaveable 
moieties can be cleaved using light, heat or reagents such as 
thiols, hydroxylamine, bases, periodate and the like. Pre 
ferred cleaveable groups comprise a cleaveable moiety 
Which is a member selected from the group consisting of 
disul?de, ester, imide, carbonate, nitrobenZyl, phenacyl and 
benZoin groups. 
When tWo or more structurally distinct moieties are used 

as components of the SAMs, the components can be con 
tacted With the substrate as a mixture of SAM components 
or, alternatively, the components can be added sequentially. 
In those embodiments in Which the SAM components are 
added as a mixture, the mole ratio of a mixture of the 
components in solution generally results in the same ratio in 
the mixed SAM. Depending on the manner in Which the 
SAM is assembled, the tWo components do not phase 
segregate into islands. See, Bain et al., J. Am. Chem Soc, 
111: 7164 (1989). This feature of SAMs can be used to 
immobiliZe recognition moieties or bulky modifying groups 
in such a manner that certain interactions, such as steric 
hindrance, betWeen these molecules is minimiZed. 
The individual components of the SAMs can also be 

bound to the substrate in a sequential manner. Thus, in one 
embodiment, a ?rst SAM component is attached to the 
substrate’s surface by “underlabeling” the surface functional 
groups With less than a stoichiometric equivalent of the ?rst 
component. The ?rst component can be a SAM component 
linked to a reactive group or recognition group, a spacer arm 
or a monovalent moiety. Subsequently, the second compo 
nent is contacted With the substrate. This second component 
can either be added in stoichiometric equivalence, stoichio 
metric excess or can again be used to underlabel to leave 
sites open for yet a third component. It is also possible to 
displace some fraction of the ?rst adsorbed species by a 
second species, thereby forming a mixture on the surface. 

In certain preferred embodiments, the organic layer com 
prises: 

Wherein, Xlis a member selected from the group consisting 
of H, halogen and recognition moieties; Q, Q1 and Q2 are 
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independent members selected from the group consisting of 
H and halogen; Z1 is a member selected from the group 
consisting of —CQ2—, —CQ12—, —CQ22—, —O—, 
—S—, —NR1—, —C(O)NR1 and R1NC(O)—, in Which; 
R1 is a member selected from the group consisting of H, 
alkyl, substituted alkyl, aryl, substituted aryl, heteroaryl and 
heterocyclic groups; m is a number betWeen 0 and 40; and 
n is a number betWeen 0 and 40 and o is a number betWeen 
0 and 5. 

In yet a further preferred embodiment, Q, Q1 and Q2 are 
independently members selected from the group consisting 
of H and ?uorine. In a further preferred embodiment, R2 is 
a member selected from H and CH3. In yet another preferred 
embodiment u is a number betWeen 5 and 20. 
When the organic layer is formed from a halogenated 

organosulfur compound, the organic layer can comprise a 
single halogenated compound or more than one halogenated 
compound having different structures. Additionally, these 
layers can comprise both non-halogenated and halogenated 
organosulfur compounds. 

In certain preferred embodiment of this aspect of the 
invention, the organosulfur layer comprises a member 
selected from the group consisting of —S(CH2)nOH, 
—S(CH2)nCOOH, —S(CH2)nCH3, HOCHZCH2 
(OCH2CH2)mS— and combinations thereof; m is an integer 
betWeen 2 and 50; and n is an integer betWeen 1 and 25. In 
a still further preferred embodiment, n is an integer betWeen 
5 and 15. In certain embodiments, the organic layer Will 
include only these molecules, While in others one or more of 
these species Will be miXed With one or more additional 
species. 

Although, each of the components of the organic layer 
discussed herein are appropriate for practicing this aspect of 
the invention, in preferred embodiments, the organosulfur 
layer further comprises —S(CH2)mX1, Wherein X1 is a 
recognition moiety; and m is an integer from 1 to 25. In 
another preferred embodiment, m is an integer from 5 to 15. 
D2 Hydrophilic Polymers 

In a preferred embodiment, the organic layer includes a 
hydrophilic polymer. The hydrophilic polymer can option 
ally comprise an X1. A number of hydrophilic polymers are 
useful in practicing the present invention. Both charged and 
uncharged polymers are of use, hoWever, uncharged poly 
mers are preferred. Suitable uncharged polymers include, 
but are not limited to, polyethylene glycol (PEG), poly 
(vinylalcohol), poly(propyleneglycol) (PPG)-PEG 
co-polymers PEG-PPG co-block polymers and similar poly 
mers. In a preferred embodiment, these polymers are deriva 
tiZed With at least one sulfur-containing moiety. PEG-thiols 
of various molecular Weights are commercially available 
(ShearWater Polymers, Huntsville, Ala.). The choice of an 
appropriate polymer and its modi?cation for a particular 
purpose Will be apparent and readily accessible to those of 
skill in the art. 

In a further preferred embodiment, R1 is a poly 
(ethyleneglycol) moiety. Polyethylene glycol (PEG) use in 
biotechnology and biomedical applications continuing to 
eXpand and has been revieWed (Poly(ethylene glycol) 
Chemisrty: Biotechnical and Biomedical Applications, J. M. 
Harris, Ed., Plenum Press, NeW York, 1992). Modi?cation 
of enZymes (Chiu et al., J. Bioconjugate Chem, 4: 290—295 
(1993)), RGD peptides (BraatZ et al., Bioconjugate Chem, 
4: 262—267 (1993)), liposomes (Zalipsky, S. Bioconjugate 
Chem, 4: 296—299 (1993)), and CD4-IgG glycoprotein 
(ChamoW et al., Bioconjugate Chem, 4: 133—140 (1993)) 
are some of the recent advances in the use of polyethylene 
glycol. The modi?cation of toXicity, pharmacokinetics, bio 
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distribution and other biofunctions are a number of the 
promising areas for the use of this simple polymer. Surfaces 
treated With PEG have been shoWn to resist protein depo 
sition and have improved resistance to thrombogenicity 
When coated on blood contacting biomaterials (Merrill, 
“Poly(ethylene oXide) and Blood Contact: A Chronicle of 
One Laboratory,” in Poly(ethylene glycol) Chemistry: Bio 
technical and Biomedical Applications, Harris, Ed., Plenum 
Press, NeW York, (1992), pp. 199—220). Accordingly, appli 
cation of PEG based coatings to multilayered porous mate 
rials Would be very useful for chromatography, analytical 
and medical devices. In the present invention, hydrophilic 
polymers such as PEG can be used to engineer preselected 
pore siZes and characteristics by the judicious choice of the 
siZe of the PEG(s) chosen as constituents of the organic 
layer. 

Poly(ethyleneglycol) is knoWn to impart hydrophilicity 
and protein adsorption resistance and to reduce the immu 
nogenicity and antigenicity of materials to Which it is bound. 
See, for eXample, AbuchoWski et al., EnZymes as Drugs, 
Holcenberg et al., Eds., John Wiley & Sons, NY, (1981), 
pp. 367—383. Many methods are available in the art for 
attaching poly(ethyleneglycol) moieties to other molecules. 
Generally, to effect covalent attachment of polyethylene 
glycol (PEG) to another molecule, for example, a protein, 
the hydroXyl end-groups of the polymer are ?rst converted 
into reactive functional groups. This process is frequently 
referred to as “activation” and the product is called “acti 
vated PEG”. 
Many activated derivatives of poly(ethyleneglycol) are 

available commercially and in the literature. It is Well Within 
the abilities of one of skill to choose, and synthesiZe if 
necessary, an appropriate activated PEG derivative. At 
present, the most common form of activated PEG used for 
preparation of protein conjugates is poly(ethylene glycol) 
succinoyl-N-hydroXysuccinimide ester (SS-PEG). This 
derivative reacts quickly With proteins (30 min) under mild 
conditions yielding active yet extensively modi?ed conju 
gates and, thus, is appropriate for use in practicing the 
present invention. See, AbuchoWski et al. Cancer Biochem. 
Biophys., 7: 175—186 (1984). In addition, many other acti 
vated PEG groups can be used in the present invention. 
Some of these are detailed beloW. 

Activation of PEG has been reported to be accomplished 
by the use of reactive functional groups including cyanury 
late (AbuchoWski et al., J. Biol. Chem, 252: 3582—3586 
(1977); Jackson et al.,Anal. Biochem, 165: 114—127 (1987); 
Koide et al.,Biochem Biophys. Res. Commun, 111: 659—667 
(1983)), tresylate (Nilsson et al., Methods Enzymol, 104: 
56—69 (1984); Delgado et al., Biotechnol. Appl. Biochem, 
12: 119—128 (1990)); N-hydroXysuccinimide derived active 
esters (Buckmann et al., Makromol. Chem, 182: 1379—1384 
(1981); Joppich et al., Makromol. Chem, 180: 1381—1384 
(1979); AbuchoWski et al., Cancer Biochem. Biophys., 7: 
175—186 (1984); Katreet al. Proc. Natl. Acad. Sci. U.SA., 
84: 1487—1491 (1987); Kitamura et al., Cancer Res., 51: 
4310—4315 (1991); Boccu et al., Z. Naturforsch, 38C: 
94—99 (1983), carbonates (Zalipsky et al., Poly(ethylene 
glycol) Chemistry: Biotechnical and Biomedical 
Applications, Harris, Ed., Plenum Press, NeW York, 1992, 
pp. 347—370; Zalipsky et al., Biotechnol. Appl. Biochem, 
15: 100—114 (1992); Veronese et al., Appl. Biochem. 
Biotech., 11: 141—152 (1985)), imidaZolyl formates 
(Beauchamp et al., Anal. Biochem, 131: 25—33 (1983); 
Berger et al., Blood, 71: 1641—1647 (1988)), 
4-dithiopyridines (Woghiren et al., Bioconjugate Chem, 4: 
314—318 (1993)), isocyanates (Byun et al.,ASAIO Journal, 
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M649-M-653 (1992)) and epoxides (US. Pat. No. 4,806, 
595, issued to Noishiki et al., (1989). Other linking groups 
include the urethane linkage betWeen amino groups and 
activated PEG. See, Veronese, et al., Appl. Biochem. 
BiotechnoL, 11: 141—152 (1985). 

Various activated polyethylene glycols (PEG) have been 
effectively used in such ?elds as protein modi?cation 
(AbuchoWski & Davis, 1981, supra), peptide chemistry 
(Zalipsky, et al., Int, J. Peptide Protein Res., 30: 740—783 
(1987)) and preparation of conjugates With biologically 
active materials (Zalipsky, et al., Eur. Polym. J., 19: 
1177—1183 (1983) and Zalipsky et al., Polymer Preprints, 
Am. Chem. Soc. Div. Polym. Chem., 27(1): 1—2 (1986)). 

Also of use in the present invention are succinidyl car 
bonate activated PEGs, namely, poly(ethylene glycol) 
succinidyl carbonate (SC-PEG). These materials react to 
yield attachment through stable urethane linkages. The reac 
tivity of these agents, are comparable to the conventionally 
used SS-PEG. Thus, high degrees of modi?cation are 
achievable in mild conditions (aqueous buffers, pH 5 .8—11, 
preferably pH 7.0—9.5) Within about 30—60 min. and mod 
erate temperatures (4°—40° C). Additionally, the agents are 
soluble in a variety of organic solvents, thus being useful and 
important in the coupling of loW molecular Weight, partially 
protected peptides and other biologically useful ligands. See, 
US. Pat. No. 5,122,614, issued Jun. 16, 1992 to Zalipsky. 
PEG useful in practicing the present invention does not 

have to be of a particular molecular Weight, but it is 
preferred that the molecular Weight be betWeen 500 and 
40,000; more preferably betWeen 2,000 and 20,000. 

In other preferred embodiments, the PEG does not have 
an Xlgroup at a terminus and the organic layer comprises: 

in Which R2 is a member selected from the group consisting 
of H, alkyl and acyl; and u is a number betWeen 1 and 50. 
E. Recognition Moieties 
As used herein, the term “recognition moiety” refers to 

molecules Which are attached to one or more organic layer 
components. The recognition moieties can interact With the 
analyte via either attractive or repulsive mechanisms. In one 
exemplary embodiment, the analyte and the recognition 
moiety form an intimately associated pair by, for example, 
covalent bonding, ionic bonding, ion pairing, van der Waals 
association and the like. In another exemplary embodiment, 
the analyte and recognition moiety interact by a repulsive 
mechanism such as incompatible steric characteristics, 
charge-charge repulsion, hydrophilic-hydrophobic interac 
tions and the like. 

Recognition moieties can be selected from a Wide range 
of small organic molecules (e.g., drugs, pesticides, toxins, 
etc.), organic functional groups (e.g., amines, carbonyls, 
carboxylates, etc.), biomolecules, metals, metal chelates and 
organometallic compounds. 
When the recognition moiety is an amine, in preferred 

embodiments, the recognition moiety Will interact With a 
structure on the analyte that is complementary to (e.g., 
binding, complexing, ion-pairing) With the amine (e.g., 
carbonyl groups, alkylhalo groups). In another preferred 
embodiment, the amine is protonated by an acidic moiety on 
the analyte of interest (e.g., carboxylic acid, sulfonic acid). 
In still another preferred embodiment, the amine is quater 
niZed and acts as an ion-exchange moiety. 

In certain preferred embodiments, When the recognition 
moiety is a carboxylic, or other acid, the recognition moiety 
Will interact With the analyte by, for example, complexation 
(e.g., metal ions) or ion-pairing (e.g., quaternary ammonium 
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cations). In still other preferred embodiments, the carboxylic 
acid Will protonate a basic group on the analyte (e.g. amine). 

In another preferred embodiment, the recognition moiety 
is a drug moiety. The drug moieties can be agents already 
accepted for clinical use or they can be drugs Whose use is 
experimental, or Whose activity or mechanism of action is 
under investigation. The drug moieties can have a proven 
action in a given disease state or can be only hypothesiZed 
to shoW desirable action in a given disease state. In a 
preferred embodiment, the drug moieties are compounds 
that are being screened for their ability to interact With an 
analyte of choice. As such, drug moieties that are useful in 
practicing the instant invention include drugs from a broad 
range of drug classes having a variety of pharmacological 
activities. 

Classes of useful agents include, for example, non 
steroidal anti-in?ammatory drugs (NSAIDS). The NSAIDS 
can, for example, be selected from the folloWing categories: 
(e.g., propionic acid derivatives, acetic acid derivatives, 
fenamic acid derivatives, biphenylcarboxylic acid deriva 
tives and oxicams); steroidal anti-in?ammatory drugs 
including hydrocortisone and the like; antihistaminic drugs 
(e.g., chlorpheniramine, triprolidine); antitussive drugs (e. g., 
dextromethorphan, codeine, carmiphen and 
carbetapentane); antipruritic drugs (e.g., methidiliZine and 
trimepriZine); anticholinergic drugs (e.g., scopolamine, 
atropine, homatropine, levodopa); anti-emetic and antinau 
seant drugs (e.g., cycliZine, mecliZine, chlorpromaZine, 
bucliZine); anorexic drugs (e.g., benZphetamine, 
phentermine, chlorphentermine, fen?uramine); central 
stimulant drugs (e.g., amphetamine, methamphetamine, 
dextroamphetamine and methylphenidate); antiarrhythmic 
drugs (e.g., propanolol, procainamide, disopyraminde, 
quinidine, encainide); [3-adrenergic blocker drugs (e.g., 
metoprolol, acebutolol, betaxolol, labetalol and timolol); 
cardiotonic drugs (e.g., milrinone, amrinone and 
dobutamine); antihypertensive drugs (e.g., enalapril, 
clonidine, hydralaZine, minoxidil, guanadrel, guanethidine) 
;diuretic drugs (e.g., amiloride and hydrochlorothiaZide); 
vasodilator drugs (e.g., diltaZem, amiodarone, isosuprine, 
nylidrin, tolaZoline and verapamil); vasoconstrictor drugs 
(e.g., dihydroergotamine, ergotamine and methylsergide); 
antiulcer drugs (e.g., ranitidine and cimetidine); anesthetic 
drugs (e.g., lidocaine, bupivacaine, chlorprocaine, 
dibucaine); antidepressant drugs (e.g. imipramine, 
desipramine, amitryptiline, nortryptiline); tranquiliZer and 
sedative drugs (e.g., chlordiaZepoxide, benacytyZine, 
benZquinamide, ?uraZapam, hydroxyZine, loxapine and 
promaZine); antipsychotic drugs (e.g., chlorprothixene, 
?uphenaZine, haloperidol, molindone, thioridaZine and 
tri?uoperaZine); antimicrobial drugs (antibacterial, 
antifungal, antiprotoZoal and antiviral drugs). 

Antimicrobial drugs Which are preferred for incorporation 
into the present composition include, for example, pharma 
ceutically acceptable salts of [3-lactam drugs, quinolone 
drugs, cipro?oxacin, nor?oxacin, tetracycline, 
erythromycin, amikacin, triclosan, doxycycline, 
capreomycin, chlorhexidine, chlortetracycline, 
oxytetracycline, clindamycin, ethambutol, hexamidine 
isothionate, metronidaZole, pentamidine, gentamycin, 
kanamycin, lineomycin, methacycline, methenamine, 
minocycline, neomycin, netilmycin, paromomycin, 
streptomycin, tobramycin, miconaZole and amanfadine. 

Other drug moieties of use in practicing the present 
invention include antineoplastic drugs (e.g., antiandrogens 
(e.g., leuprolide or ?utamide), cytocidal agents (e.g., 
adriamycin, doxorubicin, taxol, cyclophosphamide, 
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busulfan, cisplatin, ot-2-interferon) anti-estrogens (e.g., 
tamoxifen), antimetabolites (e. g., ?uorouracil, methotrexate, 
mercaptopurine, thioguanine). 

The recognition moiety can also comprise hormones (e.g., 
medroxyprogesterone, estradiol, leuprolide, megestrol, oct 
reotide or somatostatin); muscle relaxant drugs (e.g., 
cinnamedrine, cyclobenZaprine, ?avoxate, orphenadrine, 
papaverine, mebeverine, idaverine, ritodrine, 
dephenoxylate, dantrolene and aZumolen); antispasmodic 
drugs; bone-active drugs (e.g., diphosphonate and phospho 
noalkylphosphinate drug compounds); endocrine modulat 
ing drugs (e.g., contraceptives (e.g., ethinodiol, ethinyl 
estradiol, norethindrone, mestranol, desogestrel, 
medroxyprogesterone), modulators of diabetes (e.g., gly 
buride or chlorpropamide), anabolics, such as testolactone or 
stanoZolol, androgens (e.g., methyltestosterone, testosterone 
or ?uoxymesterone), antidiuretics (e.g., desmopressin) and 
calcitonins). 

Also of use in the present invention are estrogens (e.g., 
diethylstilbesterol), glucocorticoids (e.g., triamcinolone, 
betamethasone, etc.) and progenstogens, such as 
norethindrone, ethynodiol, norethindrone, levonorgestrel; 
thyroid agents (e.g., liothyronine or levothyroxine) or anti 
thyroid agents (e.g., methimaZole); antihyperprolactinemic 
drugs (e.g., cabergoline); hormone suppressors (e.g., dana 
ZOl or goserelin), oxytocics (e.g., methylergonovine or 
oxytocin) and prostaglandins, such as mioprostol, alpros 
tadil or dinoprostone, can also be employed. 

Other useful recognition moieties include immunomodu 
lating drugs (e.g., antihistamines, mast cell stabilizers, such 
as lodoxamide and/or cromolyn, steroids (e.g., 
triamcinolone, beclomethaZone, cortisone, dexamethasone, 
prednisolone, methylprednisolone, beclomethasone, or 
clobetasol), histamine H2 antagonists (e.g., famotidine, 
cimetidine, ranitidine), immunosuppressants (e.g., 
aZathioprine, cyclosporin), etc. Groups With anti 
in?ammatory activity, such as sulindac, etodolac, ketoprofen 
and ketorolac, are also of use. Other drugs of use in 
conjunction With the present invention Will be apparent to 
those of skill in the art. 

The above enumerated, and other molecules, can be 
attached to the organic layer by methods Well-knoWn to 
those of skill in the art. Ample guidance can be found in 
literature devoted to, for example, the ?elds of bioconjugate 
chemistry and drug delivery. For example, one of skill, faced 
With a drug comprising an available amine Will be able to 
choose from among a variety of amine derivatiZing 
reactions, locate an appropriately functionaliZed partner 
(e. g., a carboxylic acid terminated thiol) for the organic layer 
and react the partners under conditions chosen to effect the 
desired coupling (e.g., dehydrating agents, e.g., 
dicyclohexylcarbodiimide). See, for example, Modi?cation 
of Proteins: Food, Nutritional, and Pharmacological 
Aspects, Feeney et al., Eds., American Chemical Society, 
Washington, DC, 1982, pp. 370—387; Polymeric Drugs and 
Drug Delivery Systems, Dunn et al., Eds., American Chemi 
cal Society, Washington, DC, 1991. 
When the recognition moiety is a chelating agent, croWn 

ether or cyclodextrin, host-guest chemistry Will dominate 
the interaction betWeen the recognition moiety and the 
analyte. The use of host-guest chemistry alloWs a great 
degree of recognition-moiety-analyte speci?city to be engi 
neered into a device of the invention. The use of these 
compounds to bind to speci?c compounds is Well knoWn to 
those of skill in the art. See, for example, Pitt et al., “The 
Design of Chelating Agents for the Treatment of Iron 
Overload,” In, Inorganic Chemistry in Biology and Medi 
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cine; Martell, Ed., American Chemical Society, Washington, 
DC, 1980, pp. 279—312; Lindoy, The Chemistry of Mac 
rocyclic Ligand Complexes; Cambridge University Press, 
Cambridge,1989; Dugas, Bioorganic Chemistry; Springer 
Verlag, NeW York, 1989, and references contained therein. 

Additionally, a manifold of routes alloWing the attach 
ment of chelating agents, croWn ethers and cyclodextrins to 
other molecules is available to those of skill in the art. See, 
for example, Meares et al., “Properties of In Vivo Chelate 
Tagged Proteins and Polypeptides.” In, Modi?cation of 
Proteins: Food, Nutritional, and Pharmacological Aspects;” 
Feeney, et al., Eds., American Chemical Society, 
Washington, DC, 1982, pp. 370—387; Kasina et al., Bio 
conjugate Chem, 9: 108—117 (1998); Song et al., Biocon 
jugate Chem, 8: 249—255 (1997). 

In another preferred embodiment, the recognition moiety 
forms an inclusion complex With the analyte of interest. In 
a particularly preferred embodiment, the recognition moiety 
is a cyclodextrin or modi?ed cyclodextrin. Cyclodextrins are 
a group of cyclic oligosaccharides produced by numerous 
microorganisms. Cyclodextrins have a ring structure Which 
has a basket-like shape. This shape alloWs cyclodextrins to 
include many kinds of molecules into their internal cavity. 
See, for example, SZejtli, Cyclodextrins and Their Inclusion 
Complexes; Akademiai Klado, Budapest, 1982; and Bender 
et al., Cyclodextrin Chemistry Springer-Verlag, Berlin, 
1978. 

Cyclodextrins are able to form inclusion complexes With 
an array of organic molecules including, for example, drugs, 
pesticides, herbicides and agents of War. See, Tenjarla et al., 
J. Pharm Sci., 87: 425—429 (1998); Zughul et al., Pharm 
Dev. Technol., 3: 43—53 (1998); and Albers et al., Crit. Rev. 
Ther: Drug Carrier Syst., 12: 311—337 (1995). Importantly, 
cyclodextrins are able to discriminate betWeen enantiomers 
of compounds in their inclusion complexes. Thus, in one 
preferred embodiment, the invention provides for the detec 
tion of a particular enantiomer in a mixture of enantiomers. 
See, Koppenhoefer et al., J. Chromatogn, A 793: 153—164 
(1998). 
The cyclodextrin recognition moiety can be attached to a 

SAM component, through a spacer arm or directly to the 
metal. See, Yamamoto et al., J. Phys. Chem. B, 101: 
6855—6860 (1997). Methods to attach cyclodextrins to other 
molecules are Well knoWn to those of skill in the chromato 
graphic and pharmaceutical arts. See, Sreenivasan, K. J., 
Appl. Polym Sci., 60: 2245—2249 (1996). 

In a presently preferred embodiment, the recognition 
moiety is a polyaminocarboxylate chelating agent such as 
ethylenediaminetetraacetic acid (EDTA) or diethylenetri 
aminepentaacetic acid (DTPA). These recognition moieties 
can be attached to any amine-terminated component of a 
SAM or a spacer arm, for example, by utiliZing the com 
mercially available dianhydride (Aldrich Chemical Co., 
MilWaukee, Wis.). 

In still further preferred embodiments, the recognition 
moiety is a biomolecule such as a protein, nucleic acid, 
peptide or an antibody. Biomolecules useful in practicing the 
present invention can be derived from any source. The 
biomolecules can be isolated from natural sources or can be 

produced by synthetic methods. Proteins can be natural 
proteins or mutated proteins. Mutations can be effected by 
chemical mutagenesis, site-directed mutagenesis or other 
means of inducing mutations knoWn to those of skill in the 
art. Proteins useful in practicing the instant invention 
include, for example, enZymes, antigens, antibodies and 
receptors. Antibodies can be either polyclonal or mono 
clonal. Peptides and nucleic acids can be isolated from 
natural sources or can be Wholly or partially synthetic in 
origin. 
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In those embodiments Wherein the recognition moiety is 
a protein or antibody, the protein can be tethered to a SAM 
component or a spacer arm by any reactive peptide residue 
available on the surface of the protein. In preferred 
embodiments, the reactive groups are amines or carboXy 
lates. In particularly preferred embodiments, the reactive 
groups are the e-amine groups of lysine residues. 
Furthermore, these molecules can be adsorbed onto the 
surface of the substrate or SAM by non-speci?c interactions 
(e.g., chemisorption, physisorption). 

Recognition moieties Which are antibodies can be used to 
recogniZe analytes Which are proteins, peptides, nucleic 
acids, saccharides or small molecules such as drugs, 
herbicides, pesticides, industrial chemicals and agents of 
War. Methods of raising antibodies for speci?c molecules are 
Well-knoWn to those of skill in the art. See, US. Pat. No. 
5,147,786, issued to Feng et al. on Sep. 15, 1992; US. Pat. 
No. 5,334,528, issued to Stanker et al. on Aug. 2, 1994; US. 
Pat. No. 5,686,237, issued to Al-Bayati, M. A. S. on Nov. 11, 
1997; and US. Pat. No. 5,573,922, issued to Hoess et al. on 
Nov. 12, 1006. Methods for attaching antibodies to surfaces 
are also knoWn in the art. See, Delamarche et al. Langmuir; 
12: 1944—1946 (1996). 
E1 Reactive Groups 

“Reactive groups,” as used herein refers to a subset of 
recognition moieties. The members of this subset can be 
used to attach recognition moieties to SAM components or, 
alternatively, they can themselves serve as recognition moi 
eties. For eXample, an amine-bearing SAM component can 
be used to bind a carboXylic acid-containing recognition 
moiety onto the SAM, or it can be used to “recognize” a 
carboXylic, or other acid, in a solution, vapor and the like. 
One principle of recognition using reactive groups can be 
broadly stated; materials having electron de?cient (e.g., 
electrophilic) organic layers can be used to recogniZe elec 
tron rich (e.g., nucleophilic) species and vice-versa. 
Moreover, acids can be used to recogniZe bases and vice 
versa. 

The reactive groups can also be used to tether recognition 
groups onto the materials of the invention either before or 
after the organic layer has been deposited onto the metal 
layer. In certain circumstances, it Will be desirable to 
assemble a batch of the porous material having a reactive 
group on its surface. The material can be stored and aliquots 
can be used to bind recognition moieties as the materials are 
needed. Alternatively, each member of a set of porous 
substrates having the same organic layer can be reacted With 
a different recognition preparation of an array of differen 
tially functionaliZed porous materials. This method is analo 
gous to combinatorial library methods and it can be used to 
prepare an array of porous materials having different char 
acteristics. These materials can then be screened in operation 
for desirable properties. Many other variations of and uses 
for this strategy Will be readily apparent to those of skill in 
the art. The nature of useful reactive groups is discussed in 
greater detail beloW. 

The reactive functional groups can be chosen such that 
they do not participate in, or interfere With, the reaction 
controlling the assembly of the various SAM components or 
the attachment of the functionaliZed SAM component onto 
the metal ?lm. Alternatively, the reactive functional group 
can be protected from participating in the reaction by the 
presence of a protecting group. Those of skill in the art Will 
understand hoW to protect a particular functional group from 
interfering With a chosen set of reaction conditions. For 
eXamples of useful protecting groups, see Greene et al., 
Protective Groups in Organic Synthesis, John Wiley & Sons, 
NeW York, 1991. 
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The discussion that folloWs focuses on the attachment of 

a reactive SAM component to the metal ?lm. This focus is 
for convenience only and one of skill in the art Will under 
stand that the discussion is equally applicable to embodi 
ments in Which the SAM component-recognition moiety 
cassette is preformed prior to its attachment to the substrate. 
As used herein, “reactive SAM components” refers to com 
ponents that have a functional group available for reaction 
With a recognition moiety or other species folloWing the 
attachment of the component to the substrate. 

Currently favored classes of reactions available With 
reactive SAM components are those Which proceed under 
relatively mild conditions. These include, but are not limited 
to nucleophilic substitutions (e.g., reactions of amines and 
alcohols With acyl halides), electrophilic substitutions (e.g., 
enamine reactions) and additions to carbon-carbon and 
carbon-heteroatom multiple bonds (e.g., Michael reaction, 
Diels-Alder addition). These and other useful reactions are 
discussed in March, Advanced Organic Chemistry, Third 
Ed., John Wiley & Sons, NeW York, 1985. 

According to the present invention, a membrane’s surface 
can be functionaliZed With SAM components and other 
species by attaching a reactive SAM component to the metal 
?lm in such a Way as to derivative the metal ?lm With a 
plurality of available reactive functional groups. Reactive 
groups Which can be used in practicing the present invention 
include, for example, amines, hydroXyl groups, carboXylic 
acids, carboXylic acid derivatives, alkenes, sulfhydryls, etc. 

In a preferred embodiment, the reactive group is tethered 
to the metal surface by an agent displaying avidity for that 
surface. In a presently preferred embodiment, the substrate 
includes a silver ?lm or a gold ?lm and the group that reacts 
With the metal surface comprises a thiol, sul?de or disul?de 
such as: 

Wherein R1 is a linking group betWeen sulfur and X1, and 
Xlis a reactive group or a protected reactive group. X1 can 
also be a recognition moiety as discussed beloW. Y is a 
member selected from the group consisting of H, R2 and 
R2—S—, Wherein R1 and R2 are independently selected. 
When R1 and R2 are the same, symmetrical sul?des and 
disul?des result, and When they are different, asymmetrical 
sul?des and disul?des result. 
A large number of functionaliZed thiols, sul?des and 

disul?des are commercially available (Aldrich Chemical 
Co., St. Louis). Additionally, those of skill in the art have 
available to them a manifold of synthetic routes With Which 
to produce additional such molecules. For eXample, amine 
functionaliZed thiols can be produced from the correspond 
ing halo-amines, halo-carboXylic acids, etc. by reaction of 
these halo precursors With sodium sulfhydride. See, for 
eXample, Reid, Organic Chemistry of Bivalent Sulfur, vol. 1, 
pp. 21—29, 32—35, vol. 5, pp. 27—34, Chemical Publishing 
Co., NeW York, 1958, 1963. Additionally, functionaliZed 
sul?des can be prepared via alkylthio-de-halogenation With 
a mercaptan salt. See, Reid, Organic Chemistry of Bivalent 
Sulfur, vol. 2, pp. 16—21, 24—29, vol. 3, pp. 11—14, Chemical 
Publishing Co., NeW York, 1960. Other methods for pro 
ducing compounds useful in practicing the present invention 
Will be apparent to those of skill in the art. 
Many reactive groups and protected reactive groups of 

use in the present invention Will be apparent to those of skill 
in the art. One of skill Will be able to ascertain and purchase 
or synthesiZe the reactive organic layer constituent needed 
for a particular purpose. Representative reactive functional 
groups (X1) include, but are not limited to: 
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(a) carboxyl groups and various derivatives thereof 
including, but not limited to, N-hydroxysuccinimide 
esters, N-hydroxybenZtriaZole esters, acid halides, acyl 
imidaZoles, thioesters, p-nitrophenyl esters, alkyl, 
alkenyl, alkynyl and aromatic esters; 

(b) hydroxyl groups Which can be converted to esters, 
ethers, aldehydes, etc. 

(c) haloalkyl groups Wherein the halide can be later 
displaced With a nucleophilic group such as, for 
example, an amine, a carboxylate anion, thiol anion, 
carbanion, or an alkoxide ion, thereby resulting in the 
covalent attachment of a neW group at the site of the 
halogen atom; 

(d) dienophile groups Which are capable of participating 
in Diels-Alder reactions such as, for example, male 
imido groups; 

(e) aldehyde or ketone groups such that subsequent 
derivatiZation is possible via formation of carbonyl 
derivatives such as, for example, imines, hydraZones, 
semicarbaZones or oximes, or via such mechanisms as 
Grignard addition or alkyllithium addition; 

(f) sulfonyl halide groups for subsequent reaction With 
amines, for example, to form sulfonamides; 

(g) thiol groups Which can be converted to disul?des or 
reacted With acyl halides: 

(h) amine or sulfhydryl groups Which can be, for example, 
acylated or alkylated; 

(i) alkenes Which can undergo, for example, 
cycloadditions, acylation, Michael addition, etc.; and 

(i) epoxides Which can react With, for example, amines 
and hydroxyl compounds. 

F. Conjugation 
A recognition moiety can be conjugated to a component 

of an organic layer by any of a large number of art-knoWn 
attachment methods. For example, in one preferred 
embodiment, a reactive SAM component is attached to the 
substrate and the recognition moiety is subsequently bound 
to the SAM component via the reactive group on the SAM 
component and a group of complementary reactivity on the 
recognition moiety. See, for example, Hegner et al., Biophys. 
J ., 70: 2052—2066 (1996). In another preferred embodiment, 
the recognition moiety is attached to the SAM component 
prior to immobiliZing the SAM component on the substrate 
surface: the recognition moiety-SAM component cassette is 
then attached to the substrate. In a still further preferred 
embodiment, the recognition moiety is attached to the sub 
strate via a displacement reaction. In this embodiment, the 
SAM is preformed and then a fraction of the SAM compo 
nents are displaced by a recognition moiety or a SAM 
component bearing a recognition moiety. 

Peptides and nucleic acids can be attached to a SAM 
component. Both naturally-derived and synthetic peptides 
and nucleic acids are of use in conjunction With the present 
invention. These molecules can be attached to a SAM 
component by any available reactive group. For example, 
peptides can be attached through an amine, carboxyl, 
sulfhydryl, or hydroxyl group. Such a group can reside at a 
peptide terminus or at a site internal to the peptide chain. 
Nucleic acids can be attached through a reactive group on a 
base (e.g., exocyclic amine) or an available hydroxyl group 
on a sugar moiety (e.g., 3‘- or 5‘-hydroxyl). The peptide and 
nucleic acid chains can be further derivatiZed at one or more 
sites to alloW for the attachment of appropriate reactive 
groups onto the chain. See, Chrisey et al., Nucleic Acids 
Res., 24: 3031—3039 (1996). 
When the peptide or nucleic acid is a fully or partially 

synthetic molecule, a reactive group or masked reactive 
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group can be incorporated during the process of the synthe 
sis. Many derivatiZed monomers appropriate for reactive 
group incorporation in both peptides and nucleic acids are 
knoW to those of skill in the art. See, for example, “Special 
Methods in Peptide Synthesis,” In, The Peptides: Analysis, 
Synthesis, Biology, Vol. 2: Gross, et al., Eds., Academic 
Press, NeW York (1980). Many useful monomers are com 
mercially available (Bachem, Sigma, etc.). This masked 
group can then be unmasked folloWing the synthesis, at 
Which time it becomes available for reaction With a SAM 
component or a spacer arm. 

In other preferred embodiments, the peptide is attached 
directly to the metal ?lm. See, Frey et al. Anal. Chem, 68: 
3187—3193 (1996). In a particularly preferred embodiment, 
the peptide is attached to a silver or a gold ?lm through a 
sulfhydryl group on a cysteine residue. In another preferred 
embodiment, the peptide is attached through a thiol to a 
spacer arm Which terminates in, for example, an 
iodoacetamide, chloroacetamide, benZyl iodide, benZyl 
bromide, alkyl iodide or alkyl bromide. Similar immobili 
Zation techniques are knoWn to those of skill in the art. See, 
for example, Zull et al., J. Ind. MicrobioL, 13: 137—143 
(1994). 
G. Spacer Arms 
As used herein, the term “spacer arm,” refers to constitu 

ents of the organic layer that have a different structure than 
the bulk of the organic layer and Which bear either reactive 
groups, recognition moieties or combinations thereof. 

In certain embodiments, it is advantageous to have the 
recognition moiety attached to a SAM component having a 
structure that is different than that of the constituents of the 
bulk SAM. In this embodiment, the group to Which the 
recognition moiety is bound is referred to as a “spacer arm” 
or “spacer.” Using such spacer arms, the properties of the 
SAM adjacent to the reactive group and/or recognition 
moiety can be controlled. Properties that are usefully con 
trolled include, for example, hydrophobicity, hydrophilicity, 
surface-activity and the distance of the reactive group and/or 
recognition moiety from the surface of the substrate and/or 
the SAM. For example, in a SAM composed of alkanethiols, 
the recognition moiety can be attached to the metal ?lm or 
a SAM component via an amine terminated poly 
(ethyleneglycol). Numerous other combinations of spacer 
arms and SAMs Will be apparent, and are accessible, to those 
of skill in the art. 

In addition to the use of hydrophilic polymers, the hydro 
philicity of the organic layer can be enhanced by reaction 
With polar molecules such as amine-, hydroxyl- and 
polyhydroxyl-containing molecules. Similar strategies can 
be used to increase hydrophobicity (e.g, use of long-chain 
fatty acid derivatives) and to enhance the surface activity of 
the material (e.g., use of detergents, surfactants). 

In another embodiment, the spacer serves to distance the 
reactive group and/or recognition moiety from the substrate 
or SAM. Spacers With this characteristic have several uses. 
For example, a recognition moiety held too closely to the 
substrate or SAM surface may not react With incoming 
analyte, or it may react unacceptably sloWly. When an 
analyte is itself sterically demanding, the reaction leading to 
recognition moiety-analyte complex formation can be unde 
sirably sloWed, or not occur at all, due to the monolithic 
substrate hindering the approach of the tWo components. 
H. Changes of State 
The membranes of the present invention can be assembled 

such that the organic layer comprises a sWitchable group that 
undergoes a change of state upon being contacted by some 
external agent or force. The sWitchable group can be the 
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recognition moiety, a portion of the recognition moiety 
and/or the group to Which the recognition moiety is attached. 
The change in state can be, for example, an alteration in the 
conformation, electronic con?guration, charge, polarity, 
dipole moment or steric bulk of the group. The change in the 
state of the group can be utiliZed to affect the membrane 
properties and to assemble membranes that are sWitchable 
betWeen at least tWo different states. 

The change in state can be brought about by a range of 
external conditions or forces including, for example, 
changes in ?uid pH, ionic strength and/or redox potential. 
Additionally, changes in state can be brought about by 
exposing the sWitchable group to forces such as light, heat, 
magnetic and electrical ?elds. 

In a preferred embodiment, the change of state is utiliZed 
to alter the availability of a recognition moiety to its binding 
partner. For example, in a ?rst state, the sWitchable group 
can present a recognition moiety in a binding mode. When 
sWitched into its second state, the binding moiety becomes 
unavailable for binding or it binds With less af?nity. Thus, by 
sWitching betWeen the tWo states an analyte can be, for 
example bound to and then expelled from the membrane. 
Alternatively, the recognition moiety can be maintained in 
its non-binding conformation until a desired time When the 
change of state is initiated and the membrane binds the 
analyte. 

In another preferred embodiment, the sWitchable group 
can be used to vary the siZe or the charge of the pores. Thus, 
the permselectivity of a membrane can be varied betWeen at 
least tWo states utiliZing the available states of the sWitch 
able group. For example, a group that is sWitched by a 
change in pH might exist in both an acidic and a basic form. 
In one example, the acidic form Will be charged (e.g., amine 
to ammonium cation). In its neutral form, the membrane Will 
alloW positively charged analytes of the proper siZe to pass 
through the membrane. If the membrane is protonated, 
hoWever, the positively charged species Will be repelled by 
the similar charges on the membrane. 

In those embodiments Wherein the passage of a species 
through the membrane is in?uenced by the siZe of the 
species, the siZe of the pores can be sWitched betWeen a ?rst 
and a second state. In this embodiment, one of the states Will 
be characteriZed by a greater steric bulk of the sWitchable 
group. 

SWitchable groups appropriate for use in conjunction With 
the present invention include, for example, aZobenZene 
derivatives. AZobenZenes exist in one of tWo sWitchable 
isomers, the “trans” and the “cis” isomers. See, for example, 
Yu et al., Langmuir 12: 2843—2848 (1996); Kumano et al., 
Polymer J. 16(6): 461—470 (1984); Seki et al., Langmuir 9: 
211—217 (1993); and Sekkat et al., Langmuir 11: 2855—2859 
(1995). Other useful groups include, for example, spiropy 
rans and related compounds and redox couples such as 
ferrocene (Chidsey, Science 251: 919 (1991)), viologen 
(DeLong et al., Langmuir 6: 709 (1992)), and ruthenium 
polypyridyl complexes (Finkles et al., J. Am. Chem. Soc. 
114: 3173 (1992)). Other useful sWitchable groups Will be 
apparent to those of skill in the art. 

The sWitchable membranes are of use in each of the 
aspects and embodiments of the invention discussed beloW. 
I. Methods 

In addition to the novel materials detailed above, the 
present invention also includes methods for using and manu 
facturing these materials. The methods include puri?cation 
strategies (e.g., ion exchange, dialysis) and assays. 
11 Ion Exchange 

Ion-exchange is an ubiquitous technique in Which cations 
or anions in a ?uid are either removed from, or concentrated 
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by the ion exchange membrane. Although, many different 
types of ion exchange membranes are knoWn in the art, they 
are generally based on an organic polymer structure. For 
example, in US. Pat. No. 3,884,885, a ?uorinated polymer 
containing pendent, ion-exchange groups in the form of 
—SO3H or —SO2NH2 is disclosed. Further, preparation of 
?uorocarbon cation-exchange polymer membranes by reac 
tion of a cation-exchange membrane carrying as its ion 
exchange radical a sulfonic acid radical With primary to 
tertiary monoamines or, alternatively, With quaternary 
ammonium salts is disclosed in US. Pat. No. 4,246,091. 
Additionally, many ion-exchange membranes are commer 
cially available (e.g., Bio-Rad Laboratories, Richmond, 
Calif.). 

Ion-exchange membranes have been put to a number of 
uses on both laboratory and industrial scales. For example 
separation of organic liquids utiliZing an ion-exchange 
membrane is disclosed by Pasternak et al. in Us. Pat. Nos. 
4,798,674; 4,877,529; 4,952,318; and in US. Pat. No. 
5,006,576. Additionally, ion-exchange devices have been 
used in Water treatment, food processing, pharmaceutical 
manufacturing, chemical puri?cation, hydrometallurgy, 
metal processing, Waste treatment, gas absorption and as 
catalysts. 

In spite of their useful properties, the straight-forWard 
assembly of membranes speci?c for certain ions or classes 
of ions or having certain desirable properties remains a 
someWhat elusive goal. TWo approaches for assembling 
ion-exchange membranes are prevalent in the art; the poly 
meriZation of monomers bearing ion-exchange moieties and 
the modi?cation of polymeric membranes With ion 
exchange moieties. Both of these methods are limited in the 
identities of ion-exchange moieties that can be incorporated 
into the membranes and in the morphology of the mem 
branes produced. 

The materials of the present invention can be tailored for 
a particular ion-exchange application by a straight-forWard 
attachment of a selected recognition moiety to the organic 
layer of the membranes of the invention. 

Thus, in a fourth aspect, the present invention provides a 
method for removing an ion from a ?uid, said method 
comprising: 

(a) contacting said ?uid With an ion exchange medium 
comprising: 
(i) a porous substrate; 
(ii) a metal ?lm adhered onto said substrate; and 
(iii) an organic layer attached to said metal ?lm, said 

organic layer comprising a recognition moiety that 
interacts With said ion. 

The interaction betWeen the recognition moiety and the 
ion can be either attractive or repulsive. In those 
embodiments, Wherein the interaction is attractive, the ion 
can be bound to the ion-exchange membrane and physically 
removed from the solution by removing the membrane from 
the solution. In a preferred embodiment, the method further 
comprises passing the ion through the ion exchange 
medium. In yet another preferred embodiment, the interac 
tion is repulsive and the ion cannot pass through or bind to 
the membrane. 
The recognition moiety can comprise any group having 

ion-exchange capabilities, hoWever, in a preferred 
embodiment, the recognition moiety is a member selected 
from the group of amines, quaternary amines, heterocyclic 
amines, sulfonamides, quaternary phosphonium, tertiary 
sulfonium, acids, chelating agents, croWn ethers, cyclodex 
trins and combinations thereof. 
The method of the invention can be used to separate a 

single ion or more than one ion from other species in a 
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mixture. As With conventional ion exchange methods, the 
present method can be used to separate ions having dissimi 
lar charges. Additionally, in a preferred embodiment, the 
method of the invention can be used to separate selectively 
tWo ions having identical charges. Ions With identical 
charges can be separated by, for example, controlling the 
siZe of the pores such that a smaller ion is preferentially 
transported across the membrane. 

The materials of the invention can be used for methods in 
Which the separation is achieved by passive diffusion across 
the membrane. Such processes are referred to as “diffusion 
dialysis” processes. Diffusion dialysis is a simple ion 
exchange membrane process that separates ionic, non-ionic 
or colloidal species from an aqueous acid, base, or salt 
solution based on differences in diffusion rates. This method 
utiliZes a concentration difference across the membrane as 
the driving force. Examples include acid dialysis and base 
dialysis. 

Acid diffusion dialysis can be used for a range of 
purposes, including puri?cation and/or analysis of organic 
and inorganic molecules, recovery of acids such as HCl, 
HNO3, HF and HZSO4 from spent pickling baths, recovery 
of acids from metal ?nishing baths, recovery of mineral 
acids from battery Waste and recovery of hydrochloric acid 
from uranium processing. Base diffusion dialysis can be 
used, inter alia, for the puri?cation and/or analysis of organic 
and inorganic materials, in the recovery of caustic and 
aluminum from aluminum chemical milling, anodiZing, alu 
minum surface ?nishing baths, recovery of caustic from, for 
example, photographic baths and electronic component pro 
cessing (Aqualytics, Inc.). 
A typical diffusion dialysis apparatus comprises at least 

one permselective diffusion membrane (either cationic or 
anionic). The membrane divides a dialysis vessel into tWo or 
more compartments. The feed ?uid is on one side of the 
membrane at the beginning of the process. Typically, a free 
acid or base Will diffuse across the membrane into the 
product compartment of the vessel. Alternatively, one of 
these components can be repelled by the membrane and 
concentrated in the feed ?uid. 

In addition, to methods in Which the ion-exchange or 
other separation is effected by passive diffusion, he mem 
branes of the present invention, due to the conductive 
metallic layer can be used in processes such as electrodi 
alysis. Electrodialysis is an electrically driven separation 
modality utiliZing an ion exchange membrane. This tech 
nique is capable of separating, concentrating and purifying 
selected ions from aqueous mixtures. Electrodialysis is 
similar to evaporation or reverse osmosis. It can be used, for 
example, to recover pure Water from a salt solution or 
concentrate the total dissolved solids in a Waste stream. 

Electrodialysis utiliZes a system in Which ions migrate 
through the membrane from a less concentrated to a more 
concentrated solution as a result of the ions’ respective 
attractions to a positive electrode (anode) and a negative 
electrode (cathode), created by direct electric current. Appli 
cation of a current causes cations to migrate toWard the 
cathode, and anions to migrate toWard the anode. Upon 
contacting an ion exchange membrane surface, the mem 
brane properties (i.e., charge and pore siZe) determine 
Whether the ion is repelled or alloWed to pass through it. 

Electrodialysis has been used for a number of applications 
including, desalting and puri?cation of organic acids and 
solvents including glycol and amines, desalting of foods 
such as Whey, soy sauce, vinegar, hydrolyZed vegetable 
protein, sugars and Wine, deacidi?cation of foods, concen 
tration of dilute acid, base and salt streams, recovery of salts, 
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acids, or alkali from industrial rinse Waters, mineral acid 
separation, phosphoric acid recovery, drinking Water nitrate 
reduction, synthesis of organic and amino acids, Waste Water 
minimiZation, potable Water production from brackish 
Water. 

1.2. Af?nity-Based Membrane Separations 
Affinity-based puri?cation methods, such as affinity chro 

matography enable the ef?cient isolation of species such as 
biological molecules or biopolymers by utiliZing their rec 
ognition sites for certain supported chemical/biological 
structures With a high degree of selectivity. Previous 
affinity-based methods have been predominantly 
chromatographic, utiliZing materials of varying chemical 
structure as supports. For example, agarose gels and cross 
linked agarose gels have been the most Widely used support 
materials. Although their hydrophilicity makes them rela 
tively free of nonspeci?c binding, their compressibility 
makes them less attractive as carriers in large scale 
processing, such as in manufacturing. Controlled-pore glass 
(CPG) beads have also been used in af?nity chromatogra 
phy. Although high throughputs can be obtained With col 
umns packed With CPG, this carrier is even more expensive 
than agarose beads. Cellulose particles have also been used 
by immunochemists for synthetic affinity sorbents. 
HoWever, compared to agarose gels, cellulose particles are 
formed With more dif?culty and therefore, have received less 
attention in the preparation of af?nity sorbents for enZymes. 
A revieW of current af?nity chromatographic matrices, 

leads to the conclusion that there exists a need for materials 
and method useful both for ion exchange and af?nity-based 
puri?cations Which Will have high stability, high porosity, 
loW non-speci?c adsorption, high through-put, non 
compressibility, and Which Will be useful for both laboratory 
and industrial-scale biological separations. It is at the indus 
trial level of manufacturing, especially, Where the aforemen 
tioned draWbacks of the prior art have had their most 
important effect and Where this need is the strongest. 

Large-scale membrane-mediated puri?cations are Well 
knoWn in processes, such as the puri?cation of organic 
chemicals, pharmaceuticals, Waste-Water and gas separa 
tions. Thus, a membrane-based af?nity separation material 
and method is an attractive alternative for chromatographic 
processes. 

The af?nity of a membrane-bound recognition moiety for 
an analyte can be exploited to purify that analyte. In this 
embodiment of the present invention, the materials of the 
invention are broadly analogous to af?nity chromatography 
matrices. The methods are similarly analogous to affinity 
chromatographic methods. Although the materials of the 
invention can be used in a range of af?nity puri?cation 
protocols, tWo methodologies are currently preferred. In the 
?rst of these, the porous material is incubated With a ?uid 
containing the analyte. FolloWing the period of incubation, 
the membrane is removed from the ?uid and the analyte is 
freed from the membrane. In a second embodiment, the 
organic layer comprises a recognition moiety that, because 
of its af?nity for the analyte, facilitates the transport of the 
analyte across the membrane. 

Thus, in a ?fth aspect, the present invention provides a 
method for isolating a molecule from other molecules by 
af?nity dialysis comprising: 

(a) contacting the molecule With a multilayered porous 
material comprising: 
a porous substrate; 
a metal ?lm adhered onto the substrate; and 
an organic layer attached to the metal ?lm, the organic 

layer comprising a recognition moiety 
































